Introduction
To utilize the effect of grain refinement in enhancing strength and toughness, people have been making effort to decrease ferrite grain size, and recently succeeded in developing Si-Mn ultrafine-grained steels with ferrite grain size even less than 1 μm. The toughness of ferritic steel has been confirmed to increase with a decrease in ferrite grain size. [1] [2] [3] [4] [5] In all the parameters applied to evaluate toughness, such as fracture toughness (stress intensity factor, crack tip opening displacement, J integral, etc.) and impact toughness (absorbed energy, ductile-brittle transition temperature (DBTT), and so on), only DBTT directly reflects the variation in fracture mode. Morrison 6, 7) used "Yoffee diagram" to interpret DBTT, in which the fracture mode transition from ductile to brittle is recognized to occur at the condition where yield stress (or local stress) rises above the brittle fracture stress. It has been found from Charpy impact tests that DBTT is related to the ferrite grain size D by 4, 5) ......................... (1) where T 0 and k are constants (k > 0).
There are two basic brittle fracture modes: intergranular separation and transgranular cleavage. For a well-controlled alloy, transgranular cleavage is dominant.
6) It should be noted that "brittle fracture mode" in the present study means the transgranular cleavage. Equation (1) indicates that decreasing ferrite grain size lowers the DBTT. Although the decreased DBTT indirectly reflects the effect of grain refinement on fracture mode, Eq. (1) doesn't answer why grain refinement can affect fracture mode. The correlation between grain refinement and fracture mode is not yet physically and systematically discussed, and thus we try to interpret it from the viewpoint of fracture mechanics in the present study.
Physical Models for Ductile Fracture and Brittle Fracture
Suppose a stationary crack subjected to a load of Mode I (i.e., opening mode). The opening tensile stress (σ yy) distribution and plastic strain distribution directly ahead the crack tip along crack direction are schematically shown in Fig. 1 . Under a certain loading level, the crack begins to propagate. We reveal the effect of grain refinement on fracture mode through analyzing the effect of grain size on the conditions required for the initiation of cracking.
Because of the presence of crack, in addition to stress concentration and strain concentration, stress singularity and strain singularity exist near the crack tip. For a given crack, stress or strain concentration is related to the material's work-hardening ability. The effect of work-hardening is systematically discussed in Ref. 8) . For plane strain state, altering work-hardening exponent (n) will change the local stress field ahead of a crack tip. If we take remote flow stress σ 0 as σ 0 /E=0.0025 (where E is Young's modulus), the local peak stress (as shown in Fig. 1 ) can reach ~3σ 0 , ~3.6σ 0 and ~5σ 0 for n=0, 0.1 and 0.2, respectively. 8) This result shows that decreasing work-hardening exponent (i.e., workhardening ability) reduces the level of local stress ahead of a crack. As for the corresponding near-tip equivalent plastic strain distribution, it is essentially independent of workhardening ability. 9) It has been known that ductile fracture and brittle fracture are strain-controlled and stress-controlled, respectively.
8)
The critical condition for the initiation of brittle fracture (or ductile fracture) is that over a characteristic distance l0, as shown in Fig. 1 , the local tensile stress perpendicular to the crack plane σ yy (or local equivalent plastic strain ε p) exceeds the critical fracture stress σ cr (or the critical fracture strain ε cr). Which mode a material fractures in is depended on which critical condition is first attained: if the condition for ductile fracture is first satisfied, ductile fracture occurs, otherwise, brittle fracture takes place.
Otsuka et al. Fig. 2 . In Case A and Case C, as stress and strain increase, only one critical value (σ cr in Case A and ε cr in Case C, respectively) is exceeded, accordingly the fracture mode for Case A and Case C is brittle and ductile modes, respectively. In case B, the ductile fracture condition is first satisfied, and followed by the critical fracture stress being exceeded, and thus the material first fractures in ductile and then in brittle mode. We select the minimum stress or strain point ahead of the crack tip along the crack direction within the characteristic distance l0 in Fig. 1 , and depict the relationship between σ yy and ε p at this point in Fig. 3 with the same way used in Fig.   2 . Three typical cases (solid lines) are also given in Fig. 3 as those in Fig. 2 . We assume the solid lines correspond to the ferrite grain size Di. When ferrite grains are refined from Di to Di+1 (Di > Di+1), the critical values (σ cr and ε cr) and the equation relating stress and strain will change.
Qiu et al. , and when D is less than 1 μm n reduces to zero. 11) As aforementioned, decreasing n reduces the local stress concentration ahead of a crack, but has little effect on the local strain distribution. Therefore, the decrement in n induced by grain refining from Di to Di+1 merely lowers local stress, and as a result the three solid lines will drop down as shown in Fig. 3 .
Cottrell analyzed the critical fracture stress for transgranular cleavage with dislocation theory, 12) and found that the critical fracture stress σ cr is in proportion to D Therefore, grain refinement elevates the σ cr, as shown in Fig. 3 .
To investigate the dependence of critical fracture strain on ferrite grain size, tensile tests were performed at room temperature and at a crosshead rate of 0.4 mm/min with specimens of 4 mm in diameter and 10 mm in gage length. The used steels and samples are as follows: (1) (4) where A0 and Af are the area of the initial and fractured cross-section, respectively. The results are given in Fig. 5 . The results show that decreasing ferrite grain size reduces fracture strain. Carbon content, i.e., cementite volume frac- . .
tion, also affects the fracture strain; higher carbon content is harmful to fracture strain, which accords with Torizuka's result. 14) Round smooth tensile specimens were applied in the present study, and thus before the onset of necking the specimens are in uniaxial stress state, but after necking stress state turns into triaxial state. For a sample with a crack, because the crack tip is sharp, the stress triaxiality in the region ahead of the crack tip is higher than that in the round smooth tensile specimen. Therefore the fracture strain obtained from tensile tests is usually larger than the critical fracture strain in the local region ahead of the crack. Although the exact values of fracture strain in the two cases are different, if fracture mode remains unchanged, the tendency of fracture strain associated with grain size in both cases is identical. Therefore, the critical fracture strain in Fig. 3 also declines when ferrite grain size decreases from Di to Di+1. It should be noted that Fig. 3 merely shows the trend of the grain refinement-induced variations in local stress, strain, σ cr, and ε cr, instead of exact values. Figure 3 schematically interprets the effect of grain refinement on fracture mode. In the brittle fracture region (for example, Case A), the multiplier effects of elevated σ cr and decreased local stress increase the difficulty of attaining the critical condition of σ yy > σ cr. This means that in the brittle fracture region, grain refinement increases the fracture toughness of ferritic steels, which has been verified by Armstrong's work 15) in which fracture toughness KIC has been shown to be proportional to
, D in mm). If the multiplier effects are significant enough, fracture mode can be changed from brittle to ductile. This type of transformation has been confirmed in the ferritic steels with the composition of (0.10C or 0.16C)-0.3Si-1.45Mn (in wt%). 4) In the ductile fracture region (e.g. Case C), for a given stress, relatively large strain is produced for fine ferrite grain rather than for coarse ferrite grain. This increased strain as well as the decreased critical fracture strain induced by grain refinement makes ductile fracture easily occur at a relatively low load, which indicates that grain refinement has a negative impact on toughness. The experimental results that ferritic steels with fine grains have lower values of absorbed energy than those with coarse grains agree with this conclusion. 4) For Case B, grain refinement changes the fracture mode from ductile/brittle to ductile fracture.
Summary
In summary, grain refinement in ferritic steels lowers the work-hardening ability, and accordingly decreases the local stress ahead of a crack. The critical fracture stress for brittle fracture and the critical fracture strain for ductile fracture are correspondingly increased and decreased, respectively. These variations are responsible for the effect of grain refinement on fracture mode. Grain refinement positively impacts on toughness in brittle fracture region while negatively in ductile fracture region. . . /
